In this pa per, ex pres sions for wa ter and glass tem per a tures, hourly yield and instan ta neous ef fi ciency for dou ble slope so lar dis til la tion sys tems have been de rived an a lyt i cally. The anal y sis is based on the ba sic en ergy bal
In tro duc tion
Wa ter and en ergy are two in sep a ra ble items that gov ern our lives and pro mote civ i li za tion. Look ing to the his tory of man kind one finds that wa ter and civ i li za tion were also two in sep a ra ble enti ties. It is not a co in ci dence that all great civ i li za tions were de vel oped and flour ished near large bodies of wa ter. Rivers, seas, oases, and oceans have at tracted man kind to their coasts be cause wa ter is the source of life. The trans por ta tion of drink ing wa ter from far-off re gions is usu ally not eco nom ically fea si ble/de sir able, de sa li na tion of avail able brack ish wa ter has been con sid ered as an al ter native ap proach. Con ven tional de sa li na tion pro cesses based on dis til la tion in volve phase change. These are mul ti stage flash dis til la tion (MSF), multieffect dis til la tion (MED), and va por com pres sion (VC), which could be ther mal (TVC) or me chan i cal (MVC). MSF and MED pro cesses con sist of a set of stages at suc cess fully de creas ing tem per a ture and pres sure. MSF pro cess is based on the gener a tion of va pors from sea wa ter or brine due to a sud den pres sure re duc tion when sea wa ter en ters to an evac u ated cham ber. The pro cess is re peated stage by stage at suc ces sively de creas ing pres sure. This pro cess re quires an ex ter nal steam sup ply, nor mally at tem per a ture around 100 °C. The max imum tem per a ture is lim ited by the salt con cen tra tion to avoid scal ing and this max i mum lim its the per for mance of the pro cess. On MED, va pors are gen er ated due to the ab sorp tion of ther mal en ergy by the sea wa ter. The steam gen er ated in one stage or ef fect is able to heat the salt so lu tion in the next stage be cause next stage is at lower tem per a ture and pres sure. The per for mance of the pro cess is propor tional to stages or ef fects. MED plants nor mally use an ex ter nal steam sup ply at tem per a ture about 70 °C. On TVC and MVC, af ter ini tial va por is gen er ated from the sa line so lu tion, this va por is ther mally or me chan i cally com pressed to gen er ate ad di tional pro duc tion. On the other hand the mem brane pro cesses such as re verse os mo sis (RO) and elec tro-di al y sis (ED) do not in volve phase change. The first one re quire elec tric ity or shaft power to drive the pump that in crease the pres sure of sa line so lu tion to that re quired. This re quired pres sure de pends on the salt con cen tra tion of the resource of sa line so lu tion, which is nor mally around 70 bar for sea wa ter de sa li na tion. Both of them RO and ED (mem brane pro cesses) are used for brack ish wa ter de sa li na tion whereas dis til la tion is ap pli ca ble to the en tire range of sa lini ties up to sea wa ter. In fact it is the only pro cess, which re moves with cer tainty any or gan isms (bac te ria and vi ruses) con tained in feed wa ter. The o ret i cally dis til lation is ca pa ble of re mov ing all non-vol a tile mat ter. In prac tice, how ever, some car ry over of dissolved and col loi dal mat ter into the dis til late may take place. End prod uct pu rity ex pressed in specific con duc tiv ity is be tween 4.0 and 0.066 µg/cm at 25 °C, de pend ing upon the tech nique used.
Since the cost of heat plays a de ci sive role in var i ous dis til la tion pro cesses, viz., sin gle stage, mul ti stage dis til la tion, flash dis til la tion, and va por com pres sion dis til la tion; it seems advan ta geous to har ness the heat of the sun for this pur pose. Over a pe riod of hun dred years sev eral types of so lar stills have been de signed and tested. There has been a sig nif i cant prog ress in the field of so lar dis til la tion dur ing the past four de cades, per haps, due to the gen eral in crease of inter est in so lar en ergy uti li za tion. Be cause of cost free en ergy and low op er at ing cost, as there are no mov ing parts in volved in these sys tems, the so lar dis til la tion shows a com fort able eco nomic ad van tage over other sea wa ter dis til la tion pro cesses. Fur ther, so lar dis til la tion re quires sim ple tech nol ogy and less main te nance so that it can be used at any ru ral place. Thus, in or der to capture this very ad van tage of dis til la tion pro cess, cost ef fec tive so lar stills have been de signed and de vel oped. And they have proved their per for mance and cost ef fec tive ness.
Heat and mass trans fer re la tion ships for a con ven tional ba sin type so lar still have been ana lysed and dis cussed by Dunkle [1] . For a given am bi ent tem per a ture and wa ter tem per a ture of still, the heat bal ance equa tions are solved by us ing trial and er ror method to cal cu late the glass cover tem per a ture. Thus the rate of heat trans fer by con vec tion, evap o ra tion, and ra di a tion is ob tained. It has been con cluded that the pro duc tiv ity of the still can be im proved con sid er ably by in creas ing the wa ter tem per a ture (e. g., by in creas ing ir ra di a tion from a re flec tor). Löf et al. [2] have ana lysed heat and mass trans fer in a so lar still in de tail and stud ied the ef fects of var i ous de sign pa ram e ters and cli ma tic vari ables on the per for mance. Nu mer i cal so lu tions of the heat bal ance equa tions were ob tained with the aid of a dig i tal com puter. Morse et al. [3] in cluded the ther mal ca pac ity of the sys tem and ac cord ingly car ried out a tran sient anal y sis. They have expressed the var i ous heat fluxes as the func tions of the glass cover tem per a ture. Thus the glass tem per a ture has been ob tained by a graph i cal so lu tion. Kumar et al. [4] has done ther mal and com puter mod el ling for de ter min ing heat and mass trans fer co ef fi cients namely C and n for differ ent type of so lar still. Sharma et al. [5] de vel oped a method for es ti ma tion of heat trans fer coef fi cients, up ward heat flow and evap o ra tion in still. Cal cu la tion of hourly out put was done with a new ap proach. It was ob served that the per for mance of so lar still has an agree ment with the result of an anal y sis based on Dunkle's re la tion with a fac tor of 0.65 to ac count for unsaturation. Nawayseh [6] ob tained the heat and mass trans fer co ef fi cients in so lar de sa li na tion on the ba sis of humidification pro cess. Shruti et al. [7] de vel oped the con vec tive mass trans fer re la tion for new type so lar still namely dou ble con dens ing cham ber. In re la tion Nu = C(GrPr) n , the val ues of C and n were de ter mined us ing re gres sion anal y sis for dif fer ent tem per a ture ranges. It was found that the val ues of C and n pro posed by Dunkle are valid only for lower tem per a ture ranges, how ever for higher tem per a ture ranges the val ues of C and n change. Shruti et al. [8] found that a wide vari a tion of about 47% is ob served be tween ex per i men tal and the o ret i cal values of dis til late out put based on the val ues of in ter nal heat and mass trans fer re la tions ob tained by us ing outer glass cover tem per a tures as de ter mined by Dunkle and other sci en tists. Shukla et al. [9] have re cently de vel oped a model, based on re gres sion anal y sis, to de ter mine the val ues of C and n us ing the ex per i men tal data ob tained from the stills. This method uses both in ner and outer glass cover tem per a tures to de ter mine the ex pres sions for in ter nal heat trans fer co ef ficients and does not im pose any lim i ta tions.
In this pa per, an a lyt i cal ex pres sions for var i ous pa ram e ters have been de rived for double slope so lar stills. Ex per i men tal val i da tion has also been car ried out by us ing fol low ing measured cli ma tic pa ram e ters: -solar intensity on the glass cover, -solar intensity on collector panel, and -ambient air temperature.
Mod i fied val ues of C and n, ob tained from us ing the ex per i men tal data on the so lar stills lo cated at Allahabad Ag ri cul tural In sti tute-Deemed Uni ver sity, Allahabad, In dia, have been used in this model. The pro posed model pre dicts the the o ret i cal val ues of wa ter tem per ature, glass tem per a ture, and the yield at hourly in ter vals with re spect to in ner and outer glass tem per a tures, re spec tively. The cal cu lated re sults are com pared with the ex per i men tal data. Very close agree ments be tween the the o ret i cal pre dic tions and ex per i men tal re sults have been ob served on us ing the val ues of C and n based on the in ner glass tem per a ture.
Ex per i men tal setup
Fig ure 1 show the pho to graph of a dou ble slope so lar still. To in ter cept the max i mum in so la tion, the still was ori ented in the east-west di rec tion. A frame was fixed at the mid dle of the still us ing which the glass cov ers on ei ther side were kept at an in cli na tion of 15°. Ba sin has an ef fec tive area of 2 m 2 and glass of area 1150 ´1040 mm is used as glaz ing. A dis til late chan nel was pro vided at each end of the ba sin. For the col lec tion of dis til late out put, a hole was drilled in each of the chan nels and plas tic pipes were fixed through them with ad he sive (ar al dite) to make an out let for the dis tilled wa ter. To feed the sa line wa ter in the ba sin and to drain the wa ter from still for clean ing pur pose an in let pipe and out let pipe was pro vided at the top of the side wall of the still and at the bot tom of the ba sin tray, re spec tively. Rub ber gas kets were fixed all along the edges of the still. The glass panes of 3 mm thick ness were used as cov ers for the still.
Ex per i ments were per formed on so lar still dur ing the months of Jan u ary 2007 and May 2007 for sev eral days, but the ob ser va tions pre sented in tabs. 1, 2, 3, and 4 rep re sent a typ i cal win ter day and a typ i cal sum mer day, namely, Jan u ary 19, 2007 and May 10, 2007, re spec tively. The sun shine hour is one hour more in sum mer cli ma tic con di tions than in win ter. The ex per i - 
Ex per i men tal un cer tainty
The ex per i men tal method used is an in di rect ap proach for es ti mat ing the con vec tive heat trans fer co ef fi cient based on the mass of dis til late col lected from still. It will there fore have a con sid er able de gree of ex per i men tal un cer tainty. An es ti ma tion of un cer tainty [10] has been car ried out sep a rately for pas sive and ac tive so lar stills. Data of a par tic u lar mea sure ment for a num ber of days have been taken and an es ti mate of in di vid ual un cer tain ties of the sam ple val ues has been cal cu lated. An es ti mate of in ter nal un cer tainty (U i ) has then been found by:
where s i are the stan dard de vi a tions of each sam ple and N is the to tal num ber of sam ples. . . % Uncertainty = 0.046 ×100/0.313 = 14.7%. Ex ter nal un cer tain ties have been mea sured out by tak ing the least count of the mea suring in stru ments. The to tal un cer tainty for dou ble slope so lar stills has been cal cu lated as 15-20%. The re sults will be also in flu enced by the ther mal stor age ef fect. The per cent age er ror caused by ther mal stor age can be cal cu lated as: % Error distillate output during non -sunshine ho = urs distillate output during daylight hours 100
The er rors due to ther mal stor age ef fect for still has been es ti mated to be 1-2%.
Math e mat i cal mod els
In or der to write the en ergy bal ance equa tions, the fol low ing as sump tions were made: -the heat capacity of insulating material and tray has been neglected, -there is no temperature gradient along water depth and glass cover thickness, -the system is in a quasi-steady-state condition, -the side losses from tray have been neglected due to small water depth, -inclination of glass cover is small, and -the solar distiller unit is vapor leakage proof.
East glass cover
where h 1wE = h cwE + h ewE + h rwE
West glass cover
h h h h 1 wW cwW ewW rwW = + +
Wa ter mass
Ba sin liner
The val ues of T gE , T gW , and T b were sub sti tuted form eqs. (1), (2), and (4) into wa ter mass equa tion, eq. (3). The ex pres sion for T gE and T gW from eqs. 
On sub sti tut ing val ues of east and west glass tem per a ture in eq. (3) along with the T b from eq. (4), wa ter mass equa tion re duces into fol low ing form:
where, a and f(t) have ex pres sions as: In or der to solve eq. (7), the fol low ing as sump tions have been made: -f(t) has been considered as constant, f ( ) t over the time interval 0 -t, and -a has also been considered constant over the same time interval 0 -t.
The so lu tion of eq. (7) for the ini tial con di tion that at time t = 0, T w = T w0 , and T gE (t = 0) = = T gE0 is given by:
Val ues of T w and T g cal cu lated at the end of a time in ter val be come the ini tial con di tion for the next set of nu mer i cal com pu ta tions, and so on.
To eval u ate rate the o ret i cally, fol low ing ex pres sion for east and west con dens ing cov ers have been used:
In ter nal heat trans fer co ef fi cients
Com puter pro grams have been de vel oped in C lan guage to pre dict the hourly vari ations of wa ter tem per a ture, glass tem per a ture, dis til late out put, and the var i ous heat trans fer coef fi cients of so lar still. This model takes the mod i fied val ues of con vec tive heat trans fer co ef ficients for both in ner and outer glass tem per a tures and car ries out the com pu ta tion of all per for mance pa ram e ters. It then com pares them with the ex per i men tal data and fi nally brings out the per cent age de vi a tion be tween the ex per i men tal and the o ret i cal re sults.
Meth od ol ogy for eval u at ing C and n
The rate of heat trans fer from the wa ter sur face to glass cover by con vec tion (q cw ) in the up ward di rec tion through a hu mid fluid is given by the equa tion:
The co ef fi cient h cw can be de ter mined from the re la tion:
Malik et. al. [2] have as sumed that wa ter vapour obeys the per fect gas equa tion and have given the ex pres sion for evap o ra tive heat trans fer rate (q ew ) as:
Equa tion (13) com bined with eq. (11) can be writ ten as:
where Ra = GrPr is Ray leigh num ber. Fur ther, the rate of dis til late out put is eval u ated by:
Equa tion (15) af ter sub sti tut ing q ew from eq. (14) be comes:
The above equa tion can be re writ ten as
where
Equa tion (18) can be re writ ten in the fol low ing form:
Equa tion (20) can be re duced to a lin ear equa tion by tak ing log on both the side:
From eq. (23), the val ues of co ef fi cients a' and b' are cal cu lated us ing re gres sion analy sis. The ex pres sions for a' and b' are given by:
where N is the num ber of ex per i men tal ob ser va tions. Know ing a' and b' from eq. (23), the value of C and n can be ob tained by the fol low ing ex pres sions:
The ex per i men tal val ues of C and n for dou ble slope so lar still for Jan u ary 19, 2007 and June 10, 2007 are shown in tab. 3.
Once the value of C and n are known, eq. (12) can be used to ob tain the con vec tive heat trans fer co ef fi cient h cw . Dunkle [1] , by us ing the val ues of C = 0.075 and n = 1/3, gave fol low ing ex pres sion for h cw , valid for a mean op er at ing tem per a ture range of ap prox i mately 50 °C: 
The vari a tions of h cw for dou ble slope so lar still for a typ i cal day of win ter and sum mer have been shown in fig. 2 . It is clear that the val ues of h cw based on the in ner glass cover tem pera ture are greater than the val ues of h cw based on the outer glass cover tem per a ture. It is due to fact that T w -T gi is small but has higher op er at ing tem per a ture. The value of h cw by pres ent model is higher than value of h cw ob tained by Dunkle [1] . The hourly vari a tions of con vec tive h cw ob tained for cal cu lated val ues of C and n cor re spond ing to tab. 3 have been shown in the same fig ure. It is clear that the val ues of evap o ra tive heat trans fer co ef fi cients for east con densing sur face, ob tained by us ing in ner glass tem per a tures are greater than those ob tained by us ing outer glass tem per a tures dur ing the same time pe riod. The value of h cw is sig nif i cantly higher un der sum mer cli ma tic con di tions than win ter cli ma tic con di tions. This is due to fact that the vari a tion in so lar in ten sity is greater in sum mer than in win ter. Sim i lar re sults have been obtained for west con dens ing cover as shown in fig. 3 . 
Nu mer i cal re sults and dis cus sions

Per for mance stud ies
Fol low ing pa ram e ters have been used to com pute the hourly wa ter tem per a ture, glass tem per a ture and dis til late out put for the so lar stills us ing the new cal cu lated val ues of C and n. The hourly vari a tion of am bi ent tem per a ture and so lar in ten si ties fall ing on the stills in con ven tional dou ble slope so lar still has been given in tabs. 1 and 2. From data of these ta bles we can see that so lar in ten si ties fall ing on east and west con dens ing sur faces are dif fer ent dur ing same time pe riod. This is the rea son, for a given value of wa ter tem per a ture, the val ues of glass tem per a tures for east and west condens ing sur faces are dif fer ent. The in ner glass cover tem per a ture for both the con ventional dou ble slope so lar stills is higher than outer glass cover tem per a ture, as ex pected. It is due to fact that the rate of heat trans fer takes place be tween wa ter and in ner sur face of glass cover. Fur ther, it is im por tant to mention that the dif fer ence be tween in ner and outer glass cover is more prom i nent in summer in com par i son to win ter. The wa ter temper a ture, cal cu lated by us ing in ner glass temper a ture gives a closer value to ex per i men tal wa ter tem per a ture figs. 4 and 5.
Con clu sion
On the ba sis of the pres ent study, it is in ferred that the in ter nal heat trans fer co ef ficients should be de ter mined by us ing in ner glass cover tem per a ture for ther mal mod el ing of passive and ac tive so lar stills. It is due to the fact that the heat trans fer co ef fi cients de pend on the tem per a ture dif fer ence be tween wa ter and the in ner glass cover, and the shape and ma te rial of the con dens ing cover of a so lar still. 
